ABSTRACT We have synthesized RNA from cloned adenovirus 2 late promoter DNA in an in vitro transcription extract under UTP-limiting conditions. Under these circumstances, almost all of the a-amanitin-sensitive RNA produced is shorter than 20 nucleotides; most of these short transcripts are present in four species, 6, 7, 13, and 17 nucleotides. These short IRNAs are initiated at the adenovirus 2 promoter, as judged by partial sequence analysis and by the abolition of their synthesis upon cleavage of the template DNA at sites which also abolish the production of fulllength transcripts. All of the short transcripts can be chased, with excess UTP, into 197-base run-off transcripts; thus, these RNAs are precursors of full-length transcripts and not synthetic "dead ends." Significantly, none of theseshort RNAs is capped or 2'-Omethylated. However, 79-base run-off transcripts synthesized from this promoter with nonlimiting NTP levels are fully capped.
It is now well established that the regulation of transcription initiation is an important, and in some cases the predominant, factor in control of eukaryotic gene expression (for a review, see ref. 1) . It thus is essential to understand in detail the various molecular events that accompany initiation. Reports from two laboratories (2, 3) have recently described crude soluble extracts that mediate accurate initiation of synthesis by RNA polymerase II. Although the factors in these extracts that confer selectivity on the RNA polymerase have been partially purified (4) , the role of these components in facilitating transcription has not yet been determined. Initiation-specific factors could have many functions, including recognition of promoter sequences (such as the A+T-rich consensus sequence or "TATA box"; see ref. 5 for a review) and denaturation of the template at the site of initiation.
It is also possible that the enzymes involved in capping may be part of the initiation complex. The temporal relationship of capping and initiation in vivo has been studied by examining the appearance of labeled cap structures on short RNA molecules after brief pulses. Both in the case of total Chinese hamster ovary cell mRNA (6) and in the case of adenovirus 2 (Ad2) major late mRNA (7) , complete capping was found for the shortest RNAs studied. These results, as well as others in which naturally occurring (8) or drug-induced (8, 9) prematurely terminated transcripts were examined, are consistent with the suggestion that capping might occur simultaneously with initiation (6, 7) .
In order to study newly initiated transcripts in greater detail, we have synthesized RNA in vitro by using extracts similar to those previously described (10) and the Ad2 major late promoter as template; elongation was minimized by using very low concentrations of UTP. The resulting transcripts are less than 20 nucleotides long, which is considerably shorter than the average size (70 nucleotides) of the smallest in vivo transcripts studied from this promoter (7) . Although these short transcripts may be chased into long, capped, run-off transcripts, they are neither capped nor 2'-O-methylated themselves. Using standard synthesis conditions, we have also generated run-off RNAs 75 bases long from the Ad2 promoter; these RNAs are fully capped and methylated. We have thus demonstrated that, although capping is indeed an early event in transcription, as suggested by in vivo studies, it is not directly coupled to initiation itself.
MATERIALS AND METHODS
Transcription Extracts. Extracts of HeLa cell nuclei were prepared as described by Dignam et aL (10) except that the nuclear pellets were resuspended in 15 ml, not 2.5 ml, of extraction buffer per 109 cells. These extracts were then precipitated by the addition of 0.5 g of (NH4)2SO4 per ml. After 30 min of stirring at 40C, the solutions were centrifuged at 100,000 X g for 1 hr; the pellets were resuspended in 3 ml of BC100 buffer [100 mM KCI/0.2 mM EDTA/0.5 mM dithiothreitol/2Q% (vol/vol) glycerol/20 mM Hepes, pH 7.9] per 109 cells and dialyzed at 40C for 12 hr against two changes of 50-100 vol of the same buffer. These concentrated and dialyzed extracts, referred to below as nuclear extracts, contained RNA polymerase II and were not further supplemented with exogenous RNA polymerase.
In Vitro Transcription. The pSmaF plasmid, which contains the Ad2 major late promoter, has been described (2) Ci/mmol; 1 Ci = 3.7 x 1010 Bq) was added to a final concentration of 0.2 ,M and the incubation was continued at 25°C for 10 min. RNA was purified as described (2) except that no carrier RNA was added. The RNA was electrophoresed on 0.4-mm-thick 20% polyacrylamide gels containing 7 M urea. Run-off RNAs were prepared as described above with the following differences: concentrations were 300 /uM for the three nonlabeled NTPs; for the labeling triphosphate, 25 gM nonlabeled NTP was supplemented with 10-20 ,Ci of [a-'P]NTP (Amersham; 410 Ci/mmol) per 50-,ul reaction mixture. Run-off preparations were incubated for 1 hr at 30°C and the RNA was purified as described (2) .
Analysis of Transcripts. RNAs were extracted from the acrylamide gels as described (2) . RNase T2 (Sankyo) digestions were Abbreviations: Ad2, adenovirus 2; BAP, bacterial alkaline phosphatase. t To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. RNase T2 digests were analyzed on polyethyleneimine plates as described (11) . Pancreatic RNase (Sigma) digestions were done in 10 tLd of 0.1 M NH4HCO3 (pH 8.0); at an RNA/enzyme ratio (wt/wt) of 10, for 1.5 hr at 370C; these digests were subjected to two-dimensional chromatography on polyethyleneimine plates with the formic acid/pyridine system of Volkaert and Fiers (12) . Bacterial alkaline phosphatase (BAP; from Bethesda Research Laboratories) digestions were for 30-60 min at 37TC in 40 ,ul of 20 mM Tris (pH 7.9) with 1.5-2.5 tkg of carrier RNA and up to 40 units of BAP (see the legend of Fig. 5 ).
RESULTS
The sequence of the 5' end of the Ad2 late promoter transcript [as synthesized either in vivo (13) or in vitro (2) ] is given in Fig.  1 figure) were the predominant species observed reproducibly. These molecules were RNA polymerase II products because they were not synthesized in the presence of a-amanitin at 0.5 ,ug/ ml (lane 2) or in the absence of template (not shown). Bands I-IV also were absent (lane 3) from reaction mixtures that contained only pBR313 DNA as template. [pSmaF consists of a 2-kilobase Ad2 fragment inserted into the Sma I site of pBR313 (2) .]
In order to localize further the region required for short transcript production, we cleaved pSmaF DNA with four different restriction enzymes prior to transcription. In preliminary experiments we had attempted (with nonlimiting NTP levels) to generate small run-off RNAs by using standard in vitro transcription reactions and pSmaF DNA cut a short distance downstream of the initiation site. Cleavage with HindIII at + 197 bases or with Dde I at +79 bases generated run-off RNAs of the expected size and intensity; however, templates cleaved with Rsa I (+47) or Pvu II (+33) yielded no run-off transcript (data not shown). The results of RNA synthesis using the same templates under UTP-limiting conditions are shown in Fig. 3 . Cleavage at + 197-or +79 did not disturb the production of short transcripts (compare with lane 1 of Fig. 2 ). The Rsa-cleaved template gave diminished amounts of bands I, II, and III and no band IV RNA, and none of the transcripts I-IV were observed with the Pvucut template. The faint pattern of transcripts remaining after Pvu II cleavage is essentially the same set of bands observed when pBR313 alone was used as template (compare with lane 3 of Fig. 2 ). These results strongly suggest that the RNAs in bands * * * * (ppp) ACUCUCUUCCGCAUCGCUGUCUGCG... Sequence of the first 25 bases of the Ad2 late promoter transcript (13) . As indicated by the triphosphate in parentheses at the 5' end, this RNA is the expected primary transcript from the late promoter, both in vivo (13) I-IV are made from the in vivo promoter. In order to be meaningful physiologically, the short transcripts must not only arise from the same promoter as full-length mRNA but must also be shown to serve as precursor for the long molecules. We therefore transcribed RNA from HindIII-cut pSmaF for 10 min under UTP-limiting conditions and then chased for varying times with ATP, CTP, GTP, and UTP, each at 0.5 mM. At the shortest time tested after addition of excess NTPs, 30 sec, all of the short transcripts had already disappeared (Fig.  4) . By 1 min, tlje 197-base run-off (arrow) was visible, and the chase was complete by 5 min. In order to prove that the run-off RNA really arose from the short transcripts, the 197-base band was harvested and digested with RNase T1. We found (data not shown) that, in such digests, almost all of the label appears in a single oligonucleotide, the 5'-terminal undecanucleotide predicted by the known sequence of the late promoter transcript (Fig. 1) (Fig. 5) .
In order to be certain of the validity of this conclusion, it was necessary to demonstrate that the digestion obtained was the result of the BAP and was not due to the action of a contaminating enzyme. In the digestion series shown in Fig. 5 Fig. 1 ). When an aliquot of the capped undecanucleotide preparation was treated with BAP at levels that completely digested short transcripts (10 units of BAP per jug of carrier, 1 hr at 370C; see Fig. 5 ), no loss of caps was observed (data not shown). In light of these control experiments, it is reasonable to conclude that the RNAs in bands I-IV are not capped.
Having established that the terminal phosphates can be removed from the short transcripts, we then attempted to obtain more detailed partial sequence information. [a-32P]UTP-labeled RNAs from bands I-IV were purified, treated with BAP, and.digested with pancreatic RNase. The digests were separated by two-dimensional thin-layer chromatography, giving the results listed in Table 1 Proc. Natl. Acad. Sci. USA 80 (1983) 1255 90% of that in labeled Cp (see Fig. 1 ). Thus, RNAs elongated to about 79 bases appear to be essentially completely capped.
DISCUSSION
To reach better understanding of the individual events involved in the process of initiation, we have studied RNAs synthesized in vitro under conditions in which the RNA polymerase pauses within 20 bases of the initiation site. We report here that the short transcripts synthesized with our UTP-limiting protocol lack caps and 2'-O-methylation. Thus, simultaneous capping of the newly initiated RNA chain is not required for the continuation of transcription. As this work was being submitted, a report appeared which reached the same conclusion from a different approach. Weinmann and co-workers (15) showed that in vitro transcription from the Ad2 E-IV promoter, which initiates predominantly with UTP, will proceed in the presence of a UTP analogue, UMP-PNP, which cannot be capped; the existence of full-length run-off transcripts with noncapped UMP-PNP residues at their 5' ends was demonstrated by these investigators. Our work is in accord with these results. In addition, we have shown that capping is not only unnecessary for initiation but apparently does not occur until the transcript has been elongated for at least 20 nucleotides. We have demonstrated that the in vitro system will quantitatively cap molecules as short as 75 bases; therefore, the appropriate enzymatic activities are available in our extracts. Studies on purified HeLa cell guanyltransferase have shown that this enzyme has no requirement for UTP (16) and that its Km for GTP is 1.1 ruM. Also, human guanyltransferase will cap dinucleotides (17); in another study, the partially purified enzyme was found to be maximally active on RNAs 10-20 bases long and retained about one-third of this activity on trinucleotide substrates (18) . Thus, it cannot be argued that the RNAs in bands I-IV are simply too short to be capped. An intriguing possibility is that the 5' ends of the short transcripts are inaccessible to the capping enzymes due to the presence of the RNA polymerase. Partial sequence information and length measurements indicate that the RNAs in bands I-IV are produced by correctly initiated RNA polymerase II molecules that have paused due to an inability to add a uridine residue to the growing chain. (As can be noted from the sequence in Fig. 1 , uridine follows each proposed pause site, at positions 7, 8, 14, and 18 .) The chase of short transcripts shown in Fig. 4 and the location of label within the run-off RNAs generated in that experiment argue strongly that band I-IV RNAs are true precursors to full-length RNAs and not transcriptional dead-ends. When the UTP-limiting incubations were carried out at lower temperatures or for shorter times than in our standard protocol we found only bands I and II produced; when incubations were extended beyond 10 min we found a diminution of bands I and II and an increase in bands III and IV (data not shown). We thus have no evidence for many rounds of production of short RNAs by RNA polymerase cycling, as in the case of the abortive initiation reaction observed with prokaryotic RNA polymerases (19) . However, it is important to point out that, because at present we cannot label short transcripts with [a-32P]ATP or [a-32P]CTP, we have not been able to search for the synthesis of the simplest possible abortive initiation product from this promoter-namely, pppApC. Lescure et al. (20, 21) have recently reported that yeast RNA polymerase II will initiate transcription accurately with dinucleotide primers. We have been unsuccessful in priming the production of short transcripts with either CpA or ApC; however, supercoiled templates were required to achieve the priming effect in yeast and supercoiled molecules are rapidly relaxed in our transcription extracts.
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